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Abstract
Hereby, we showed that the experimental and biological variability in culture preparation had little effect on the stochastic outcome 
of: (i) growth, (ii) relative transcription of stress- (gad2, sigB) and virulence- (prfA) associated genes and (iii) subsequent acid 
resistance of Listeria monocytogenes, across growth/ no growth boundaries regarding combinations of pH (4.8-7.2) (HCl)  and 
NaCl (0-8% w/v) at 7oC. Variability of bacterial response, as described by the coefficient of variation (CV) and root mean square 
error (RMSE) was affected mainly by the previously pH and NaCl conditions that the pathogen had experienced. High biological
variability regarding growth potential of the pathogen, was observed in conditions across growth boundaries (at 7oC), such as pH 
5.5-6.4 and NaCl 2-8% w/v, as manifested by the highly ranged growth parameters (CVareas 18.3% - 49%, RMSEareas 8.7-13.9, 
RMSElag time 9.3-31.2), while acid resistance (pH 2.0, HCl, 37°C) was highly variable when pathogen habituated pH (5.0-5.2) and 
NaCl (2% w/v) resulting in average D1 (3-6 min) and D2 (14-16 min) of high variability (CVD1 28-35%; CVD2 35-60%). Moreover 
at the same conditions the highest upregulation of gad2 was observed with high biological variability of RMSEgad2 2.8, while 
relative transcription levels of pfrA ranged from 0.60 to 4.22, indicating the potential risk derived from the stochastic bacterial 
response (up- or down- regulation) regarding induction of virulence mechanisms in growth boundary conditions.
© 2015 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of Department of Food Science, Faculty of Food Engineering, University of Campinas.
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1. Introduction
Bacterial response has been characterized by high heterogeneity regarding growth of single cells in food-related
matrices 1, inactivation against lethal stresses 2 and gene expression 3. In a previous study of our lab 4 it was shown 
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that habituation of L. monocytogenes across marginal for growth acid and osmotic conditions has an impact on growth, 
survival under low acidic conditions and transcription levels of stress- and virulence- associated genes and estimated 
parameters are highly variable. Therefore the aim of this study was to evaluate the impact of biological and 
experimental variability during culture preparation of Listeria monocytogenes on the stochastic outcome of: (i) growth 
(ii) acid resistance and (iii) relative transcription of stress- and virulence- associated genes, such as glutamate 
decarboxylase system (gad2) sigma factor B (sigB) and positive regulatory factor A (prfA), in response to pH and 
NaCl combinations near and across the growth/no growth interface of the organism at 7°C.
2. Materials and methods
2.1. Bacterial strains and inoculum preparation
L. monocytogenes strain C5 (serotype 4b) isolated from farmhouse environment was kept in Tryptic Soy Agar 
plates, supplemented with 0.6% w/v yeast extract (TSAYE) at 4oC. Inoculum was prepared from single colony after 
double activation of the microorganism in 10 mL Tryptic Soy Broth supplemented with 0.6% w/v yeast extract
(TSBYE) at 30°C for 24 h (A’ activation) and 18 h (B’ activation) respectively. Following activation stage, bacterial 
cells were prepared as previously described 4.
2.2. Growth of L. monocytogenes
In order to assess biological variability, L. monocytogenes inocula were prepared from: i) different single colonies 
(C) (n=15), ii) same colony and different second activation (B) (n=15) and iii) same colony and same second activation 
(T, technical) (n=15). In addition, experimental replicates corresponded to independent reproductions (n=3) of the 
entire experimental set up. TSBYE of various combinations of pH (4.8-7.2) and NaCl (0-10 % w/v) (Figure 1) were 
prepared as previously described (Makariti et al., 2015), loaded in 96-well microplates (270 µL) and inoculated with 
approximately 7 log CFU/mL L. monocytogenes C5, followed by storage at 7°C for up to 20 days (n=15x3). Growth 
was monitored via optical density (620 nm) and OD data were used to estimate growth rate and lag time (DMFit, J. 
Baranyi, Institute of Food Research, Norwich, UK) as well as the area under the generated growth curve. pH and NaCl 
combinations were considered to allow growth of the pathogen when OD reached 0.2 5.
2.3. Acid resistance of L. monocytogenes 
In order to assess variability of bacterial acid resistance, TSBYE with selected combinations of pH and NaCl 
(Figure 1) across growth/ no growth boundaries were inoculated with ca 7 log CFU/mL L. monocytogenes (nB=10; 
nC=10) and subsequently stored at 7°C for 24 h, while the whole experimental set up was reproduced three times 
(n=3). 10 mL of bacterial culture was centrifuged (3600 rpm for 10 min at 7°C) and bacterial cells were resuspended 
in 10 mL of acidified medium (TSBYE, pH 2.0, HCl) prewarmed at 37oC, following incubation at 37°C for up to 35 
min. Survival of L. monocytogenes was determined by plating on TSAYE plates followed by incubation at 30°C for 
48 h. Inactivation curves were generated by plotting survivors (log CFU/mL) against time and data were fitted using 
Figure 1 Selection of pH and NaCl (% w/v) combinations (squares) in order to assess variability in growth (A), acid resistance (B) and gene
transcription (C) of L.monocytogenes, based on previous results indicating growth (close symbols) no growth (open symbols) of the pathogen in
response to various pH and NaCl combinations. Data points correspond to the percentage of four biological replicates, in which growth was
observed; (y) 100%, () 50%, (c) 25% and ({) 0% 4.
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GInaFit 6. Biphasic model fitted best our data, therefore, two DpH 2.0 values were determined for each generated 
inactivation curve, one for every phase.
2.4. RNA preparation and Quantitative Real Time PCR
In order to assess biological variability in gene transcription of L. monocytogenes, inocula were prepared only from 
different single colonies (C) (n=5) and the whole experimental set up was reproduced three times (experimental 
replicates). TSBYE supplemented with the selected pH and NaCl combinations, based on the variability of growth 
and acid resistance parameters (Figure 1) were prepared and inoculated as described in above. 10 mL of bacterial 
culture was collected and added in 1.1 mL ice-cold stop solution (5% water saturated phenol in 95 % ethanol) so as 
to stabilize RNA. Bacterial cells were collected by centrifugation (3600 rpm for 10 min at 4°C) and stored at -80°. 
RNA preparation, cDNA synthesis and quantitative Real time PCR were performed as previously described 4.
2.5. Measures of variability and Statistical analysis
Coefficient of Variation (CV %) as well as Root Mean Square Error (RMSE) 7 was used to quantify experimental
and biological variability. One way-analysis of variance followed by Tukey’s post hoc test (SPSS 16.0) or Student’s 
t-test was used in order to assess differences between samples tested regarding growth (growth rate, lag time, areas),
acid resistance (D-values) and relative gene transcription levels (NRQ). Growth rate and NRQ values (FC, Folds 
change) were log10 transformed and differences were considered significant at P<0.05. 
3. Results and discussion
Results showed that growth of L. monocytogenes was observed at pHDQGNaCl 2-4 % w/v, while at NaCl 6-8
% w/v growth permitting pH was higher than 6.0 (Figure 2). Combinations of low NaCl 2-ZYDQGKLJKS+
resulted in significantly high growth rates and low lag times (P<0.05), while high biological variability was observed 
in conditions across growth boundaries (at 7oC), where only a percentage of bacterial samples (n=135) manage to 
JURZ2' as manifested by the highly ranged growth parameters (CVareas 18.3% - 49%, RMSEareas 8.7-13.9, 
RMSElag time 9.3-31.2). Contrariwise, bacterial growth under optimum for growth conditions (pH 7.2) was 
characterized by low variability (RMSEareas 5.9, RMSElagtime 5.35).
As regards the impact of habituation of L. monocytogenes under growth boundary pH and NaCl combinations on 
the stochastic bacterial acid tolerance response against subsequent lethal pH (2.0, HCl), high variability was observed 
under acid adaptation inductive conditions. In particular, habituation of the bacterium under pH 5.0-5.5 and 2% w/v 
NaCl resulted in activation of acid resistance mechanisms, manifested by significantly high gad2 NRQ transcription 
levels (FC 100-1500) as well as highly ranged D1pH:2.0-values (1-12 min) and D2pH:2.0-values (4-58 min) (P<0.05).
Consequently, the corresponding biological variability in bacterial response under these acid adaptation inductive 
conditions was high (CVD1 28-35%, CVD2 35-60%) contrary to habituation of L. monocytogenes at pH 6.0-7.2 and 
Figure 2 Variability of lag time of L. monocytogenes in response to various pH and NaCl combinations at 7°C. Different letters indicate significant 
difference (P<0.05) (A).Experimental (black) and biological (grey) variability of lag time expressed in RMSE. (C) Biological variability of lag 
time expressed in RMSE regarding inoculum preparation: B (black), C (white) and T (grey). 
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NaCl 4-8% w/v that resulted in lower biological variability CVD2<35% and reduced acid tolerance (pH 7.2: D1pH:2.0
1-4 min, D2pH:2.0 5-11 min ; pH 6.4 – NaCl 8% w/v: D1pH:2.0 0.2-0.7 min, D2pH:2.0 1.2-6.6 min).
Biological variability in gene transcription of sigB and prfA remained in low levels (RMSElogNRQ 0.3-0.15)
compared to gad2 (RMSElogNRQ 0.8-2.8), where the higher changes in NRQ levels were observed. More specifically, 
sigB remained unchanged or even downregulated in all tested conditions (FCsigB 0.4-1.8), indicating that 24 h of 
habituation at these conditions are inadequate to induce sigB. On the other hand, habituation of the pathogen at pH 
5.2 and NaCl 2% w/v that induced acid adaptation as manifested by the high D-values obtained when subsequently 
subjected to pH 2.0, resulted in the upregulation of gad2 (FC 500-1500) with high biological variability (RMSElogNRQ
2.8), contrary to pH 7.2 (RMSElogNRQ 0.8) (Figure 4). Even though under the majority of pH and NaCl combinations 
prfA was downregulated (FC<1), habituation of the pathogen at pH 5.2 and 2% NaCl, resulted in relative transcription
ranging from 0.60 to 4.22, indicating that in some biological replicates prfA might be induced, pinpointing the 
underlying risk of activation of virulence mechanisms under growth boundary conditions.
Biological variability was not affected by different culture preparation of inoculum, manifested by the similar 
RMSE values obtained for C, B and T (Figure 2C), indicating, thus, that habituation conditions may have greater 
effect on heterogeneity of bacterial response (growth, acid resistance, gene transcription). Experimental variability
(n=3), was close or less than the respective biological variability in the majority of parameters tested (except area in 
growth), probably because the number of biological replicates was adequate to well describe bacterial varying 
response within every experimental reproduction.
These findings could contribute to the stochastic assessment of L. monocytogenes survival and growth responses 
close to the growth boundaries and pinpoint the underlying concerns in experimental approaches assessing the stress 
response of pathogens under growth limiting conditions.
Figure 3 Variability in survival of L. monocytogenes against pH 2.0, following habituation (24 h, 7°C) at various pH and NaCl combinations across 
the growth/ no growth boundaries, expressed by D2pH 2.0-values (n=10x3). Different letters indicate significant difference of D2pH 2.0-values (P<0.05)
(left). Experimental (black) and biological (grey) variability of D2pH 2.0-values in response to various pH and NaCl combinations expressed in
RMSE.
Figure 4 Relative gene transcription levels for prfA (A) and gad2 (B) in response to various pH and NaCl combinations (n=5x3), as well as the
corresponding experimental (grey) and biological (black) variability expressed in RMSE values of logNRQ for gad2 (C). Different letters indicate
significant difference (P<0.05).
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